The discovery of gramicidin, penicillin, streptomycin, and the numerous other antibiotics known today has contributed materially to the list of therapeutic agents available against micro-organisms. However, the immediate enthusiasm which greeted their introduction has had to be checked by the realization that many of the important organisms affected readily develop resistance to the antibiotic agents, just as they have to the sulfonamides. Further knowledge of the mechanisms by which organisms acquire such resistances may be fundamental to our understanding of the mechanism of action of the antibiotic. On the practical side, too, there is the possibility, remote as it may be, that insight into the problem might enable effective countermeasures to be instituted.
Our kn,owledge of the rOle of individual enzymes in metabolism is due in part to the experimental use of inhibiting substances which block these catalysts more or less specifically. The effect of loss of a given enzyme on a particular system can thus be ascertained and its contribution to the total metabolism evaluated.
In approaching the problem of the natural and acquired resistance of micro-organisms to penicillin we have been interested in the possible rOle of a known agent for destroying penicillin-penicillinase. This enzyme (or -enzymes) has -been demonstrated to be present in some but by no means all bacteria. Although there is definite evidence" 5 that there is no general correlation between the susceptibility of an organism to penicillin and its content of penicillinase, it is not impossible that 'there may be different mechanisms of resistance for organisms which possess or do not possess penicillinase, and that for the group which do have the destructive enzyme the available data, based largely on determinations of extracellular enzyme, may not fairly represent the actual amount of enzyme operating.
Our approach to this problem began with an attempt to 'block the action of penicillinase by the use of known inhibitors of this enzyme6', 8 and to ascertain the increase, if any, in the susceptibility of the organism to penicillin. As the experiments have progressed we have employed a num'ber of other agents whose direct effect on penicillinase has not yet been demonstrated. Even the first experiment based on these considerations demonstrated a potentiation in accord with the prediction. Interestingly enough, however, evidence is acculmulating that one or more of the assumptions in our reasoning does not hold under our experimental conditions and that the positive findings recorded are, at least in part, the result of some other processes.
Materials and methods Brain heart infusion broth prepared from the Difco dehydrated product was used throughout this study. The Constant volumes of the brain heart infusion broth, usually 3.5 ml., were dispensed into tubes from a syringe pipette and sterilized by autoclaving. To these were then added 0.5 ml. portions of inhibitor or penicillin dilutions, or both. Before inoculation the total volumes were adjusted to 4.5 ml. with sterile distilled water where necessary. Finally the tubes were inoculated with 0.5 ml. of the culture dilution selected and then incubated for 18 hours at 370 C., after which the organisms were killed by immersing the tubes in boiling water for 10 minutes. As in the standard turbidimetric assay for penicillin activity the density of growth could then be safely determined in open quantitative cuvettes with a photoelectric colorimeter (Coleman spectrometer model 11). The wave-length employed was that for which the broth absorption was minimal; for most experiments this was 690 m,u. The data are recorded in the form o'f optical densities as these are linear over a wide range of turbidities. The higher densities signify heavier growth.
For organisms of the same size or size distributions the optical densities are proportional over this range to the numbers of bacteria. As is well known, however, organisms grown in the presence of penicillin frequently assume quite elongated shapes, increasing in volume rather than dividing into separate components. In comparing cultures grown in the presence and in the absence of penicillin the optical density is thus a measure of the relative volumes (or masses) raither than the numbers of bacteria.
Il two preliminary experiments we have investigated som.e of the relations among turbidimetric optical density, viable plate count, and direct microscopical count for Shigella dysenteriae grown in the absence and in the presence of various amounts of penicillin. The direct counts for cultures grown under the latter conditions cannot be taken as more than estimates, due to the difficulty of distinguishing individual filamentous particles. The results are nevertheless of interest in that they indicate for iboth 2½2 and 18-hour cultures grown in the absence of penicillin a quite constant ratio of about 8 x 108 organisms per unit of optical density. Under these conditions from 50 to 100 per cent of the organisms were viable by plate count. As would be expected, the number of organisms per unit density was lower in 'the presence of penicillin, the ratios varying from 2 to 9 (x 107). Within the precision of 'the measurements there was no significant correlation with the concentration of penicillin over the range 'of from 4 to 64 Oxford units per ml. The per cent viability for a given turbidity or direct count was noticeably influenced, however, and varied from 50 per cent at 2 units of penicillin to less than 0.01 per cent at 64 units.
The potentiating effect, demonstrated in more detail below, may best be visualized from the following experiment. If a culture of S. dysenteriae in the brain heart medium is incubated for 18 hours maximum growth is obtained, of optical density 0.81. If to a second tube 8 units of penicillin are added just before the inoculum there is a slight reduction in the final level of growth, to density 0.66, or 81 per cent of that in the first tube. The addition to a third tube of 0.003 per cent of the enzyme inhibitor iodoacetic acid causes even less change, the final density of growth being 0.71, or 88 per cent of that of the first tube. If now to a fourth tube both 8 units of penicillin and 0.003 per cent of iodoacetic acid are added practically complete inhibition of growth is obtained, the final density 0.06 corresponding to 7 per cent of the growth without any inhibitor. Thus, although singly the two agents penicillin and iodoacetic acid result in growth inhibitions of 19 and 12 per cent, respectively, in combination they exert an inhibitory effect of 93 per cent. From parallel titrations with various amounts of penicillin alone it can be estimated that it would require between 32 and 64 units to effect this reduction in growth. A four-to eight-fold gain in the effectiveness of the penicillin action has therefore resulted by combination with a substance, iodoacetic acid, which by itself at the concentration employed is only slightly inhibitory to the micro-organism.
After a number of such experiments had been completed it became evident that there were several factors which influenced at least the quantitative results obtained from day to day. Among these variables were the amount of inoculum employed, the concentration of the inhibiting agent, and the amount of medium in relation to the other components.
The amount of inoculum could be partially standardized by employing a four-to seven-hour subculture from an overnight culture started from one of the replicate agar stock slants. The latter were prepared at intervals from the master slant. In our later work the inoculum has been treated as a varia:ble and data have been obtained over a moderately wide range of dilutions. In critical regions the absolute amounts of penicillin obtained from different lots, as well as those of inhibitors sterilized through candles having varying degrees of absorption, were difficult to control with the precision necessary to give reproducible absolute values of growth each day. All comparisons have 'therefore been made with controls run at the same time and with the same reagents. With this pre-caution conclusions as to the existence, and to a large extent the magnitude, of the potentiating effect vary little with different experiments.
Although all figures reported are the average of closely agreeing duplicate determinations, in a number of instances, particularly in critical regions with sharp cutoffs, triplicate determinations were made. In several systems for which two or more experiments disagreed, and in which pipetting under sterile conditions appeared to be the limiting factor, the necessary reagents were mixed beforehand, which permitted the pipetting of quantities larger than 0.5 ml., 1.0L. with the added assurance that the ratios of the various components remained the same in each tube.
Effect of the amount of inoculum on the degree of inhibition exerted by penicillin and other agents: The amount of culture inoculum employed exerts in most cases a noticeable quantitative effect on the level of growth obtained in the presence of various agents.4 5 In certain cases this effect is so striking that qualitative conclusions as to the "susceptibility" or "insusceptibility" of an organism to penicillin may be completely dependent on the amount of inoculum employed. In Fig. 1 are illustrated penicillin titrations for Shigella ambigua and B. cereus. The latter, although a Gram-positive spore-former, exhibits an unusual resistance to penicillin. The concentrated inocula were in both cases 0.5 ml. of the standard culture; the dilute inocula were 0.5 ml. of a 1: 100 dilution of the standard cultures.
In the case of the enteric organism the larger inoculum gave good growth even with 125 units of penicillin, the density level dbtained being 0.38/0.98, or 39 per cent of that obtained in the absence of penicillin. Growth was appreciably less with the more dilute inoculum, the same density, 0.38, being obtained in the presence of as little as 4 to 8 units of penicillin. With 16 units of penicillin the final density was only little more than that of the initial inoculum in that volume, as determined from a control heatkilled immediately after inoculation.
The scale of effect is shifted upward in the data for B. cereus, a cutoff (i.e., a sharp decrease in the amount of growth) being obtained for the dilute inoculum between 64 and 125 units of penicillin, while the heavier inoculum yielded the maximum growth density even with 1000 units of penicillin. An interpretation for Gentian violet, which has a selective effect on Gram-positive organisms, also serves to increase the effect of penicillin upon them, although as can be seen from table 4 the action is notice.ble at concentrations of the dye for which its own specific inhibitory effect is very small. Of further interest is the fact that the non-hemolytic streptococcus which was refractory to the combined action of iodoacetic acid-penicillin is quite susceptible to the gentian violet-penicillin (table 4) .
In view of the known relations between gentian violet and Grampositive organisms the above interactions are not altogether surprising. The same cannot be said, however, for the similar action upon a typical Gram-negative organism such as S. dysenteriae (table 5). In addition to the agents mentioned above potentiating effects with penicillin have been obtained with derivatives of mercury (table 6 ) and of antimony, with sodium fluoride, protamine, quinine, and the detergent cetyl pyridinium bromide. The quantitative data obtained with some of these are similar to those tabulated and need not be repeated, while the data on others will be of most interest in comparison with those dbtained on homologous series of known structure, which will be presenteed in another report. The potentiating effect seith a penicillin-resistant organism: By continuous cultivation in media of increasing penicillin concentration we have been able to more than douible the penicillin resistance of the strain of S. dysenteriae used in the previous experiments. It was therefore of interest to see whether this variant strain would still react to the combination of penicillin plus another agent. The titrations given in table 7 are reversed from the usual order in that penicillin is taken as the main variable, and only one level of iodoacetic acid was employed. It is quite evident that even with a low concentration of the latter the potentiating effect is still noticeable, although the amount of penicillin necessary has been increased somewhat. The two strains appear to be quite similar in their sensitivity to the penicillin-inhibitor combination, the larger amount of penicillin which is necessary for a given degree of inhibition of the resistant strain being consistent with the fact that this additional amount is also necessary in the albsence of other agents. Similar effects have been observed with the merthiolate-penicillin combination (table 8) . Further studies with other resistant organisms are in progress. 
Discussion
The data above illustrate the observation that the combination of penicillin with one of a variety of agents exerts a marked inhibitory effect on the growth of certain micro-organisms, although singly, at the concentrations employed neither the antibiotic nor the potentiating agent exerts any effect of this magnitude. The organisms responding do not appear to be confined to any one class, since quite siimilar actions have been obtained with S. dysenteriae (both smooth and rough variants), S. ainbigua, E. coli, Staph. a'ureus, B. cereus, and hemolytic and non-hemolytic streptococci. The present study has been concerned largely with outlining the range of the potentiating effect. In most cases only a single strain of an organism has been studied and no claim can be made, therefore, that its behavior is representative of the species. A quantitative study of a large number of strains of several of the organisms illustrating the potentiating effect would be of definite interest in defining the significance of the inhibitive response as a species property.
Of the organisms studied, two responded atypically. One, a non-hemolytic streptococcus, did not respond to what might be expected to be suitalble concentrations of iodoacetic acid and penicillin, although a typical effect was obtained with gentian violet and penicillin. The other, E. typhosa (Army strain 58) has not responded typically to any agent which we have employed.
In addition to the agents with which we have worked there are a number of others which have been reported to potentiate the action of penicillin on one or more species of bacteria (see Hobby and Dawson4 for literature). The potentiating effect of certain amino acids reported by Shwartzman' is of particular interest in that it occurs with both dysentery and typhoid bacilli, although the significance of this difference from our results cannot be evaluated until a more detailed study of the strain factor is attempted.
It was mentioned at the outset that the agents selected for initial study were those which were known to block penicillinase activity, in view of the possibility that the elimination of the activity of this enzyme might increase the penicillin susceptibility of the organism producing it. In examining our data, howevier, we must take cognizance of the following: (1) in experiments with cell-free filtrates of B. coli, or with soluble penicillinase from a Gram-positive spore-former,* we have not been able to effect a reduction in the activity of the enzyme with the low concentrations of iodoacetic acid used in the penicillin experiments; (2) iodoacetic acid and other agents exert their typical effects even with S. ambigua for which we have not been able to obtain any indication of penicillinase production; (3) unpublished experiments in this laboratory have shown that the potentiating effect of these agents is exerted equally as well with streptomycin as with penicillin. No destructive agent corresponding to penicillinase has yet been demonstrated for streptomycin. From these lines of evidence we feel that the potentiating actions of the agents mentioned need not, and under our experimental conditions do not, involve inhibition of penicillinase as an essential step.
A number of the agents employed in the present study, particu- The data of taible 8 indicate that the strain of S. dysenteriae which has doubled its resistance to penicillin has not simultaneously increased its resistance to either iodoacetic acid or merthiolate. In addition, the magnitude of the potentiating effect with these agents remains as lbefore if the amount of penicillin employed is multiplied by the resistance factor of the organism.
In a recent s;tudy of the genetic aspects of penicillin-resistant staphylococci Demerec3 has presented evidence that penicillin resistance proceeds by stepwise mutation;s. It is conceivable that such mutations might involve an increase in the amount or activity of some enzyme system which had been blocked by penicillin so that it no longer becomes the limiting factor for growth. The identification of these steps with definite enzyme components would mark an important advance in our knowledge of microbial resistance to antibiotics. From the data given above it would appear that the enzymes affected by both merthiolate and iodoacetic acid were not involved in the mutation steps postulated, at least at this stage of resistance, since otherwise the reactivities to these agents should be quantitatively altered, as is not the case. The approach indicated may therefore be of some value in exploring this interesting and important problem. Summary 1. Iodoacetic acid, sodium azide, gentian violet, merthiolate, and a variety of other agents have been shown to potentiate the inhibitory action of penicillin.
2. Among the micro-organisms affected by one or more of these combinations are S. dyseiteriae, S. ambigua, E. coli, Staph. aureus, B. cereus, and hemolytic and non-hemolytic streptococci. Only a single strain of each has been examined. 3. A penicillin-resistant variant has been shown to react to the penicillin-inhibitor com!bination in proportion to its increased resistance to penicillin.
4. Although a number of the agents listed are known to affect penicillinase under proper conditions, evidence is presented that the mechanism of the potentiating agent need not involve penicillinase inhilbition.
